ABSTRACT
get autoantigen, aquaporin-4 (AQP4), have differentiated NMO from multiple sclerosis as a distinct disease entity. 3 Moreover, given the high specificity of AQP4-IgG serology for clinically diagnosed NMO, such seropositivity was incorporated into the revised diagnostic criteria for NMO in 2006. 1 The term "NMO spectrum disorders" (NMOSD) was introduced in 2007 to encompass broader phenotypes, including seropositive patients with coexisting autoimmune disorders and patients with limited or inaugural forms of NMO. 4 The terms NMO and NMOSD were unified under a revised NMOSD definition in 2015. 5 The unifying NMOSD diagnostic criteria allowed the diagnosis of NMOSD in patients without clinical involvement of the optic nerves or the spinal cord and stratified the diagnosis according to those with or without AQP4-IgG positivity.
While NMO was traditionally thought to be a disease exclusively involving the optic nerves and spinal cord, imaging abnormalities within the brain have been reported in a significant proportion of patients seropositive for AQP4-IgG, in regions with both high 6, 7 and low AQP4 expression. 8 Lesions involving the diencephalon, area postrema, corpus callosum, hemispheric white matter, and corticospinal tracts have been reported. 8 Specific patterns of contrast enhancement (CE) within the brain have also been reported in NMO, including pencil-thin, 9 cloudlike, 10 leptomeningeal, 11 and perivascular enhancement (Figs 1 and 2 ). 12 The current literature suggests a relatively low incidence of contrastenhancing brain lesions in NMO. [9] [10] [11] [13] [14] [15] [16] [17] [18] However, in a large proportion of brain MRIs in those studies, whether they were acquired during an acute phase of the disease versus at any time point was not specified. Furthermore, the incidence of contrast-enhancing lesions in the brain during acute relapses of ON and/or LETM in patients with NMOSD has not been examined before, to our knowledge. Prior studies investigating predictors of relapse in patients with NMOSD have addressed factors that are either clinical or biochemical in nature, including AQP4-IgG seropositivity, 19 female sex, [20] [21] [22] and older age of onset. 23 In contrast, no MR imaging parameters have been shown to be associated with disease outcome.
In the current study, we aimed to delineate the extent and frequency of CE in the brain during acute attacks of ON and/or LETM. We also sought to determine whether detection of brain CE was associated with specific outcome measures, including disease duration and the annualized relapse rate (ARR).
MATERIALS AND METHODS

Patients
A retrospective chart review was performed to identify patients with contrast-enhancing brain lesions between September 2001 and November 2013 at the Johns Hopkins NMO center. All patients identified were diagnosed with NMO or NMOSD based on the Wingerchuk et al 2006 1 or 2007 4 revised criteria, respectively. 5 Institutional review board approval was obtained for the study. Electronic patient records were reviewed for demographic information, history of relapse, AQP4-IgG status, age at diagnosis, age at last follow-up, and the number of relapses.
Neuroimaging
MR imaging examinations were performed by using either 1.5T or 3T scanners (Philips Healthcare, Best, the Netherlands; GE Healthcare, Milwaukee, Wisconsin; and Siemens, Erlangen, Germany). T1WI, fast spin-echo T2WI, fast spin-echo FLAIR, and postgadolinium T1WIs were performed. A gadolinium contrast agent of 0.1 mL/kg was intravenously administered followed by a 20-mL saline injection. T1-weighted axial and coronal images were acquired without any delay after intravenous injection. The sagittal T1WIs were obtained with the following parameters: TR range ϭ 520 -696 ms, TE range ϭ 4. board-certified neuroradiologist (I.I.) and a radiologist (G.O.), with 10 and 4 years of experience, respectively. All patients had at least 1 brain MR imaging performed at our institution. Brain MRIs acquired within 1 month of the onset of the relapse were classified as imaging during an acute LETM and/or ON attack. CE was evaluated by using postgadolinium T1-weighted images. Brain CE was categorized in 6 specific patterns of enhancement: periependymal, cloudlike, leptomeningeal, isolated, ring, or other (Figs 1 and 2).
Statistical Analysis
The Fisher exact test was used to evaluate the difference between the proportions of patients with CE who were seropositive versus seronegative. A nonparametric Mann-Whitney test was used to compare the ARR and disease duration between those with and without CE. Regression analyses of the ARR with and without CE were also performed, with and without adjusting for age, sex, race, and AQP4-status. P values Ͻ .05 were considered statistically significant and were not adjusted for multiple analyses.
RESULTS
Brain MRIs of 77 patients (11 males, 66 females) were evaluated for contrast enhancement. Fifty-nine patients (10 males, 49 females) underwent brain MR imaging within 1 month of the onset ON and/or LETM attack and were included in the final analysis. The mean age of patients was 47.8 years (range, 6 -78 years). There were 35 African-American, 18 white, and 6 Hispanic (individuals from Mexico) individuals. Forty-eight patients were AQP4-IgG seropositive, 9 were seronegative, and the AQP4-IgG status was not checked in 2 of them. The ARR was not available for 1 patient. Table 1 depicts the proportions of patients with CE in those with or without AQP4-IgG seropositivity during acute attacks. The Fisher exact test did not demonstrate significantly different proportions of CE in patients with or without AQP4-IgG seropositivity during acute attacks (P ϭ .7). No significantly different proportions were noted when stratified by specific enhancement patterns (P ϭ .7, data not shown). Tables 2 and 3 depict the association between the detection of CE during an acute phase and either disease duration or ARR. When imaged during the acute phase, patients demonstrating periependymal CE had significantly higher ARRs compared with those without periependymal CE (P ϭ .03). Moreover, patients demonstrating any type of CE during the acute phase had significantly higher ARRs (P ϭ .03) than those without.
On the basis of the regression analyses, the unadjusted difference in ARRs between those with periependymal CE and those without it was 0.56 (95% CI, 0.07-1.05; P ϭ .03). After we adjusted for age, sex, race, and AQP4 status, the difference was 0.60 (95% CI, 0.08 -1.13; P ϭ .03). The unadjusted difference in ARRs between those with any CE and without was 0.42 (95% CI, 0.04 -0.80; P ϭ .03). After we adjusted for age, sex, race, and AQP4 status, the difference was 0.41 (95% CI, 0.02-0.81; P ϭ .04). Table 4 shows the distribution of brain CE patterns among 59 patients who were scanned within 1 month of an ON and/or LETM attack. Brain CE was categorized and evaluated in 6 specific patterns of enhancement in the beginning of the study: periependymal, cloudlike, leptomeningeal, isolated, ring, or other (Figs 1 and 2 ). After excluding MRIs that were not obtained within 1 month of ON and/or LETM attack from the final analysis, we regrouped MRIs into 2 groups: a group with periependymal CE and a group with any type of CE. MRIs of 14 patients showed periependymal CE, and 21 patients showed any type of CE within 1 month of ON and/or LETM attacks.
DISCUSSION
The current literature on NMO is limited in its description of neuroimaging features that may predict the outcome of disease. 24 Most asymptomatic NMO brain lesions have not been shown to demonstrate enhancement, and the frequency of acute lesion-associated enhancement remains to be determined. 23 This study demonstrates that approximately 63% of patients during an acute attack of ON and/or LETM may also show CE within the brain parenchyma. CE within the brain, when identified during an acute phase, is associated with a significantly increased ARR. The relapse rate during the first 2 years of the disease strongly determines the risk of an unfavorable outcome as defined by severe disability or death. 25 Brain enhancement in patients during an acute ON and/or LETM may reflect a more severe underlying disease process compared with those without brain CE.
We found no significant difference in the propensity for CE in patients who were AQP4-IgG seropositive (64.6%) and seronegative (55.6%) (P ϭ .7, Table 1 ). CE patterns of brain lesions in the current literature were described mostly in patients seropositive for AQP4-IgG and have been reported to range from 3% to 56%, excluding small case reports. 3, 7, 9, 10, 13, 16, 17, 26 Our study revealed a much higher proportion of CE, approximating 64.6% and 55.6% in patients seropositive and seronegative, respectively. A study investigating contrast-enhancing LETM lesions reported CE in 94% and 71% of seropositive and seronegative patients, respectively, though the authors did not specify the location of CE as within either the brain or spinal cord. 27 To our knowledge, the current study is the largest cohort to report the frequency of contrast-enhancing brain lesions in both seropositive and seronegative patients during active ON and/or LETM relapse of NMO. The small sample of patients seronegative for AQP4-IgG in the current study may be contributing to lack of detection for a significant difference in the proportion of CE seen in seropositive and seronegative patients; however, that might be the case in prior studies failing to show a difference as well. Nevertheless, the number of patients seronegative for AQP4-IgG is always low compared with those who are seropositive; therefore, multi-institutional studies are needed to increase the sample size. That AQP4 is highly expressed on astrocytic foot processes at the BBB and contributes to the maintenance of BBB integrity is welldescribed. 3, 28, 29 Binding of AQP4-IgG to AQP4 in vitro has been shown to alter BBB permeability and astrocyte killing. 30 Disruption of the BBB manifests as CE on brain MR imaging. 31 Periependymal white matter is one of the most AQP4-rich regions of the brain; hence, the high prevalence of periependymal contrast enhancement in our cohort. Furthermore, AQP4-IgG is thought to be pathogenic only in proximity to CNS parenchyma, as evidenced by NMO-like histopathology in animal models in those that received direct administration of AQP4-IgG into the CNS. In contrast, peripheral administration had no effect. 32 The presence and levels of AQP4-IgG in CSF are associated and correlated with those in serum during acute relapses. 33, 34 For example, AQP4-IgG is detectable in the CSF of most seropositive patients with serum titers of Ͼ1:250 during an acute relapse. 35 Moreover, the amount of CSF AQP4-IgG is correlated with astrocyte damage and BBB breakdown. 34 Therefore, it is possible that those with lower serum titers or those not in acute relapse in the current study may not have detectable or significant CSF levels of AQP4-IgG to lead to the BBB disruption and consequent CE. Most interesting, there have been reports of patients with NMOSD who are AQP4-IgG positive in the serum for many years before the onset of symptomatic disease. 36 The poor correlation between the presence and level of serum and CSF titers of AQP4-IgG may be contributing to the lack of significantly different proportions of CE in seropositive and seronegative patients in our study. It may also be contributing to the high interstudy variability in the reports of the percentage of CE observed in patients with NMOSD. 3, 7, 9, 10, 13, 16, 17, 26, 27 Most important, the association between CE during the acute phase and ARR may be confounded because those who underwent brain MRIs during an acute phase may have warranted more immediate imaging because they may have been inherently sicker. Findings may be further confounded by other clinical characteristics. For example, longer intervals between the first and second attack, 37 older age at onset, 23 patients of African origin, 38 female sex, [20] [21] [22] and AQP4-IgG seropositivity 19 are associated with worse outcomes and/or higher relapse rates. However, other studies failed to find AQP4-IgG status as a predictor of outcome. Jarius et al 39 found that AQP4-IgG status did not differ significantly with regard to time to relapse or ARR. Jiao et al 40 found that the effect of seropositive status on the relapse rate and disability outcome did not differ. Responses to plasmapheresis based on AQP4-IgG were also not significantly different. 41 Regardless of the discrepant prognostic findings of AQP4-IgG in the existing literature, in our study, a periependymal pattern of CE and the presence of any pattern of CE in the acute phase remained significant predictors of higher ARRs after adjusting for AQP4 status, as well as age, sex, and race, on multivariable analysis. Enhancement patterns of brain lesions in NMO have some unique features and sometimes, in the presence of characteristic T2 lesions, might aid in making a specific diagnosis. Patchy CE with blurred margins, so-called "cloudlike enhancement," is the most commonly reported enhancement pattern in the literature. 10 More recently, linear periependymal CE, so called "pencil-thin enhancement," and leptomeningeal CE were proposed as more specific patterns than cloudlike enhancement. 9, 11 Isolated CE and ring and open-ring CE are considered specific to MS, and they are rarely seen in patients with NMOSD. However, although rare, these intense, well-defined CE patterns have been described before, especially in seronegative patients with NMOSD. 18 The main limitation of our study is the retrospective design, and factors that have been described in the literature associated with outcomes such as seropositivity status, sex, race, and age at onset may be potential confounders and were not accounted for. There is a possible selection bias based on a group of patients with NMOSD who required brain MR imaging, which may reflect a different subpopulation than that not requiring brain MRIs. The threshold of 1 month as the criterion for an acute attack may be arbitrary, given the lack of information in records available to more accurately assess the patients' clinical statuses and may thus misrepresent these statuses in the current study. Furthermore, the current study was originally conducted before the introduction of the more inclusive revised diagnostic criteria for NMOSD of 2015. 5 Rather, included patients were based on the 2006 diagnostic criteria; therefore, the current study does not account for patients who may now qualify as diagnostic for NMOSD under the 2015 criteria.
CONCLUSIONS
Detection of CE in postgadolinium T1-weighted brain imaging within 1 month of onset of an acute ON and/or LETM is associated with higher ARRs. CE is an important marker reflecting the underlying pathogenic process of NMOSD. Although no significant association was found between CE and AQP4-IgG serostatus, the strong interplay among the BBB disruption, AQP4-IgG deposition, and CE warrants further investigation with a larger multicenter cohort to determine the prognostic role that CE may play as a predictor of outcome and its correlation with clinical severity. 
